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Abstract  
A framework is developed and implemented to characterize and model in plane fibre 
misalignment in Non-Crimp fabrics (NCF). Image analysis based on fast Fourier Transform 
and correlation analysis is used to characterise in plane fibre misalignment in a carbon fibre 
±45º NCF. It is found that fibre misalignment is significant showing high anisotropic spatial 
autocorrelation with the major direction of autocorrelation coinciding with the direction of 
the non-structural stitching of the fabric. The spatial autocorrelation structure of the fabric is 
modelled using an autoregressive two-dimensional stochastic process, the Ornstein-
Uhlenbeck (OU) sheet. The resulting stochastic field is simulated using the Cholesky 
factorization, the spectral decomposition and the Karhunen-Loeve expansion (KLE). The 
three discretization techniques are compared in terms of accuracy and efficiency. 
 
 
1. Introduction  
 
Fibre misalignment is one of the main sources of variability in composite manufacturing. 
Variability in as supplied dry fabrics and pre-pregs is mainly associated with in plane and out 
of plane tow waviness setting the minimum level of uncertainty in all subsequent steps of 
composite manufacturing [1-3]. Fibre misalignment can substantially influence the 
forming/draping step [2,4] introducing significant uncertainty in the minimum and average 
wrinkling strain of the formed part [2]. During the forming/draping step the fabric is subjected 
to considerable shear deformation which may intensify the already existing geometrical 
heterogeneities. These phenomena can in turn influence the local fibre volume fraction and 
porosity distribution introducing significant variability in permeability. Several experimental 
and numerical studies have outlined the effect of fibre angle and fibre spacing variability on 
permeability variation [5-8]. Fibre misalignment along with fibre volume fraction variations 
can introduce significant scatter to the mechanical, thermo-mechanical and thermal properties 
of the constituent materials affecting the curing process [9-10]. This can also introduce 
uncertainty to the level of residual stresses [11-12]. However, unlike permeability the effect of 
fibre misalignment on the cure process has not been explicitly investigated with the results 
being based on conceptual scenario rather than experimental data. Furthermore, fibre 
architecture plays a crucial role in the structural performance of composite materials 
governing non-linear phenomena such as failure and damage initiation. It has been shown that 
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geometrical heterogeneity can significantly affect the compressive strength of the 
manufactured part [13]. Therefore, a characterisation and modelling approach that would take 
these effects into consideration explicitly is of crucial importance to allow quantification of 
process outcome variability within a stochastic simulation framework.  
 
 
This study aims at the development of a methodology to characterise and model in plane fibre 
misalignment in NCF. An image analysis methodology is developed and employed to 
measure local fibre angle variability. A two-dimensional autoregressive stochastic process, 
the Ornstein-Uhlenbeck (OU) sheet is used to describe the autocorrelation structure of the 
fabric. Estimation of the autocorrelation parameters is carried out using least squares. The 
resulting stochastic field is simulated using the Cholesky factorization, the spectral 
decomposition and the Karhunen-Loeve expansion (KLE). The three discretization techniques 
are compared in terms of accuracy and efficiency.   
 
2. Image analysis 
 
An in-house image analysis code described in detail in [2] developed to characterise fibre 
misalignment in woven textiles has been enhanced in order to characterise fibre misalignment 
in unidirectional materials such as non-crimp fabrics (NCF). The image analysis code is based 
on Fast Fourier transform and correlation analysis. The approach adopted involves calculation 
of local fibre direction relative to the fibre orientation of a reference image, so that the spatial 
random field is explicitly quantified. Fast Fourier transform is employed to obtain a prior 
estimation of the fibre orientation. The correlation analysis is used for accurate calculation of 
local fibre orientation using a reference region rθ(x,y), which is carried out by rotating a kernel 
kθ(x,y) of size M×M obtained from a reference image. The reference region is: 
                                       cossin,sincos, yxyxkyxr                                     (1) 
The correlation of a reference region rθ(x,y) of size M×M with the image f(x,y) of size K×K is 
calculated as follows [2]:  
 
     
      

 




MM
ji
MM
ji jiji
ji
MM
ji ii
fyxfryxr
fyxfryxr
,
1,1
,
1,1
22
,
1,1
,,
,,


                               (2) 
where r and f are the average of the rθ(x,y) and f(x,y) arrays, respectively. 
The image analysis procedure is as follows: 
 Image acquisition into a discrete pixel array f(x,y). 
 Determination of a reference image. 
 Application of Fast Fourier transform. 
 Calculation of radial energy E(θ) in polar coordinates. 
 Estimation of approximate fibre orientation that maximizes E(θ). 
 Calculation of difference between fibre orientation of reference and current image. 
 Calculation of correlation of the current image with the reference image by 
rotating the reference image using directional cosines. 
 Estimation of the angle that maximises correlation.  
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This methodology was implemented to images of a 6k carbon fibre ± 45º NCF HTS (Hexcel) 
with a chain knit stitch pattern. The areal density of this fabric is 534 g/m
2
. A Sony camera 
was used to acquire digital images. The camera was mounted on a robotic head in order to 
control and record the exact position of each image, as shown in Figure 1a. Seven hundred 
and forty-eight images were acquired from each side (upper/lower) of the ± 45º NCF on a 
34×22 grid with 5 mm spacing. The size of the pixel array is 640×480. Application of the fast 
Fourier transform was carried out on a 256×256 region. Implementation of Eq. (2) is 
computationally intensive; therefore the size of the reference region was 60×60. The image 
analysis results are illustrated as two lines; (i) stich orientation, set always at 0º, (ii) calculated 
tow orientation (Figure 1b). The analysis of statistical properties was carried on the full 
dataset on a 5 x 5 mm grid and additional datasets on a coarser (10 x 10 mm) and finer (2.5 x 
2.5 mm)  grid produced using the original images. These additional datasets were utilised to 
demonstrate that the analysis results in terms of variance and autocorrelation structure do not 
depend on the grid size. In addition, a series of 50 images were acquired at the same location 
and analysed to estimate the variance associated with the image acquisition and analysis 
methodology.     
 
a b
 
Figure 1. Image analysis of NCF: (a) experimental set-up; (b) image and calculated fibre orientation 
3. Statistical properties 
 
The experimental results indicated that both sides present identical statistical behavior in 
terms of standard deviation and autocorrelation structure. Table 1 summarizes the basic 
statistical properties of tow orientation of the 6k carbon fibre ± 45º NCF HTS. The probability 
distributions of the upper and lower side of the ± 45º NCF are depicted in Figure 2a and 
Figure 2b, respectively. Fibre angles are measured in an anti-clockwise direction relative to 
the stitch of the fabric (0º) as depicted in Figure 1b. The statistical properties presented in 
Table 1, include the average µ and the standard deviation σ of the sample field. The fabric 
shows considerable variability in tow orientation of about 1.2º. This result should be 
compared with the standard deviation obtained for the set of images from a single location 
which is 0.1º. The results reported in Table 2 show that there is no correlation between tow 
orientation of the two sides, implying that variability in tow orientation of the two sides of the 
fabric is produced independently. Examination of Figure 2 suggests that tow orientation in 
both sides are normally distributed.  
 
variable upper side lower side
µ [º] 45 -45
σ[º] 1.22 1.22  
 
Table 1. Statistical properties of tow orientation of carbon fibre ± 45º NCF 
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upper side lower side
upper side 1 0.014
lower side 0.014 1  
Table 2. Correlation matrix of tow orientation of carbon fibre ± 45º NCF 
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Figure 2. Probability distributions of fibre orientation of carbon fibre ± 45º NCF: (a) upper side; (b) lower side 
 
The autocorrelation structure of the orientation of the tows was investigated in order to 
estimate the spatial dependence of variability. The method of moments was used to quantify 
spatial autocorrelation as a function of distance and direction.  The correlation between two 
samples of all pairs of points obtained from the experimental results located at a specific 
distance and direction was calculated and reported in Figure 3. It can be observed that fibre 
misalignment of the ± 45º NCF exhibits high anisotropic spatial autocorrelation with the 
major direction of autocorrelation coinciding with the direction of the stich (0º). 
Autocorrelation at ±25º directions reaches a value close to zero at about 40 mm, while 
autocorrelation at ±50º and ±75º directions shows a faster decay reaching zero at 
approximately 25 mm. It can be observed, that the autocorrelation in opposite directions is 
very similar, suggesting that the autocorrelation structure of this fabric is quadrant symmetric.  
Spatial cross-correlation between orientation of the tows of the two sides was found to be 
negligible.  
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Figure 3. Directional autocorrelation of fibre orientation of carbon fibre ± 45º NCF 
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4. Stochastic model 
 
4.1 Modelling of the random field 
 
The random field is modelled using a two-dimensional autoregressive stochastic process, the 
Ornstein-Uhlenbeck sheet (OU), which is a second order stationary Gaussian process with the 
following auto-covariance function [15,16]: 
 
  yx byybxxeyxC //2 2121,                                              (3) 
 
Here σ is the standard deviation, and xb , yb are the correlation lengths, since they determine the 
decay rate of the autocorrelation structure between two points of the process. Estimation of 
xb , yb was carried out using least squares and it was performed by the Microsoft Excel solver. 
This approach yielded a value of 20.21 mm for xb , and 4.67 mm for yb .  
 
4.1.1 Discretisation of the random field 
 
4.1.1.1 Cholesky factorisation 
 
The Cholesky method decomposes the covariance matrix, Σ as follows: 
 
                                                                        TLL                                                             (4) 
                                                                        
where L is a lower triangular matrix. The product of L with the vector Y of independent 
identically distributed normal variables is a vector V that encompasses the statistical 
properties of the random field, and is defined as follows: 
 
                                                                        LYV                                                               (5) 
                                                                                     
4.1.1.2 Spectral decomposition 
 
The spectral decomposition expands the random field V(x,y) as a sum of trigonometric 
functions with random phase angles as a function of its spectral density function  yx kkS ,  
[16]:  
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where: 
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xuk  and yuk denote the upper cut-off wave numbers, whereas  1 yxnn and 
 2
yxnn
 are different sets 
of random phase angles distributed uniformly over the interval [0,2π]. In the case of the 
Ornstein-Uhlenbeck sheet, described in Eq. (3), the spectral density function is [17]: 
 
                                            
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4.1.1.3 Kahrunen-Loeve expansion 
 
A stationary random field V(x,y)  can be represented as follows [18]:  
 
                                                    ii
M
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where i and  yxi ,  are the eigenvalues and the eigenfunctions of the covariance function, 
whereas i is a set of independent identically distributed normal variables. Given a stochastic 
process defined over the interval [-α,α] and [-β,β] over the x and y direction, with a 
covariance function as defined by Eq.(3), the eigenvalues and the eigenfunctions are [18]: 
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for i = even 
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                                0tan   ijijjb     ;      0tan **   ijjij b     for j = x, y             (13)                                  
 
4.2 Stochastic simulation 
 
The three discretisation techniques presented were implemented to simulate fibre 
misalignment of the 6k carbon fibre ± 45º NCF HTS. Figure 3 illustrates the autocorrelation 
of the simulated tow orientation generated on a 68×22 grid with 5mm spacing. The 
autocorrelation of the sample field generated using the KLE is not presented due to the poor 
quality of results. This is attributed to the fact that the performance of the KLE is high only in 
the case of highly correlated stochastic fields [19]. xN  and yN (see section 4.1.1.2) were set 
at 68 and 22, respectively, in order to compare the Cholesky factorisation and the spectral 
decomposition in terms of accuracy and efficiency. It can be observed that both discretisation 
techniques can reproduce the stochastic field with very good accuracy, with the discrepancies 
between the two methods being negligible. Therefore, given the same computational effort, 
both techniques are deemed capable of modeling fibre misalignment of the fabric of this 
study, with quite good accuracy.    
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Figure 4. Directional autocorrelation of simulated tow orientation of carbon fibre ± 45º NCF: (a) 0 º, (b) ±25 º 
 
5. Conclusions 
A methodology is presented for characterising and modeling fibre misalignment in 
unidirectional fabrics. Application of image analysis provides quantitative information on 
misalignment of tows. The analysis is implemented to images of a 6k carbon fibre ± 45º NCF 
HTS (Hexcel). Fibre misalignment is considerable showing high anisotropic autocorrelation 
with the major direction of autocorrelation coinciding with the direction of the non-structural 
stitching of the fabric. It is found that the Cholesky factorisation and spectral decomposition 
are capable of representing the spatial field accurately with the same accuracy and efficiency. 
On the contrary, the Kahrunen-Loeve expansion yielded poor results for the given study. The 
Cholesky method is deemed to be the most appropriate technique to reproduce the stochastic 
field of this study due to its simplicity in comparison to the spectral decomposition.   
 
The stochastic model of fibre variability can be coupled with a finite element based cure 
simulation model to quantify the way variability in fibre architecture and the associated 
variations in the local tensor of in plane thermal conductivity and fibre volume fraction 
propagate through the curing stage of composites processing. The coupling can be achieved 
by the incorporation of local fibre direction and areal density information in the material 
models computing the thermal conductivity tensor, the specific heat capacity and the heat 
emitted during the curing reaction. The uncertainty in process outcome from fibre 
misalignment can be compared to that due to other sources of variability such as cure kinetics 
uncertainty and thermal boundary conditions to evaluate their relative contribution to product 
reproducibility. The outcome of this work will allow incorporation of variability in process 
design/optimisation to address robustness – performance trade-offs. 
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